Introduction
Due to its high density and atomic number, bismuth germanate (Bi4Ge3012) can be used in the form of small crystals for high resolution positron emission tomography.1 However, the low scintillation light yield and the need for good timing and pulse height resolutions make efficient optical coupling to the phototube very important.2
This paper presents an analysis of the feasibility and performance of several crystal-phototube coupling schemes suitable for BGO crystals 7 mrn or finer. (Figure 1 ). 
Coupl ing of
, we have measured a pulse height resolution for 511 keV photons of 22% FWHM (full width at half maximum) and a time resolution of 7 nsec FWHM (see Table 1 ). 2 ). Two close-packed crystals can be coupled to two close-packed phototubes using this lightpipe. This lightpipe has a 14 mm x 14 mm cross section at the phototube end ( Figure 3a) and a 6 mm x 20 mm cross section at the end coupled to the BGO crystal ( Figure  3e) . Unfortunately, the pulse height was only 51% that of scheme 1A and the pulse height resolution was 30% FWHM.
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Coupling to three sides of the Crystal
It is possible to couple 14 mm diameter cylindrical phototubes to crystals as small as 3 mmi x 10 mm by using three sides of the crystal. Such a coupling scheme is shown in Figure 4 . We have measured a resolution of 18% FWHM for the end coupled detectors and 23% FWHM for the side coupled detectors. The primary disadvantage of this scheme is that it provides only single layer tomography.
Full Coupling to a Small Rectangular Phototube
Recently the development of a 6 mm x 24 mm phototube was announced by Hamamatsu Corp (Figures 1C and  5 ). The design specifications for quantum efficiency and electron gain are similar to that of their 14 mm cylindrical phototube. The photoelectron yield will then be more than 50% greater than that of scheme 1A with corresponding improvements in timing and pulse height resolution.
3. Multiple-Anode Phototubes Figure 1D shows direct coupling of a group of crystals to a multiple-anode phototube ( Figure 1D ). Several The multi-anode microchannel phototube would be ideal for reading out arrays of small scintillation crystals. The primary requirements for such a device for positron tomography are (i) a long lifetime, preferably more than five years of continuous use, and
(ii) a very narrow dead zone at the edge of the phototube to permit efficient coupling to a close-packed 2-dimensional array of small crystals. Since the microchannel phototube has excellent timing properties, -7 its most important future application may be for time-of-flight positron tomography8-11 with high spatial resolution.
Crystal Identifiers
In this approach a group of crystals is directly coupled to a larger phototube which provides timing (4 on top, 2 on front, 4 on bottom) 667 and pulse height information. The identity of the crystal producing the scintillation light is determined by special crystal identification schemes discussed below. The major disadvantage is the inability to handle two detections in a crystal group within a short period of time and this limits the maximum event rate.
Sense Wires
In this scheme sense wires are used to control the photocathode emission and identify the crystal producing the scintillation light ( Figure 1E ). This idea was developed by Charpak12,13 and also investigated by Boutot.14 A series of very brief pulses is applied sequentially to wires under each crystal. When the wires under a scintillating crystal are energized, the photoelectron current is briefly interrupted and this can be detected by its effect on the shape of the anode pulse.
Solid State Photodetectors
A second method for crystal identification uses solid state photosensors for the identification of the Figure 1F and discussed in the following sub-sections. It is desired that the solid state photosensor have sufficient pulse height resolution to reject events where a significant amount of energy ('e.g. >100 keV) has been lost in more than one crystal. It is also important that a large fraction of one crystal face be coupled to the photosensor. Table 2 (Figure 1F) . The results (Table 2) show that a large coupl ing fraction is necessary for efficient light collection and that if the HgI2 crystal could be grown directly on the BGO crystal, then the light transferred to the HgI2 would increase by more than a factor of three with only a slight reduction in the light entering the phototube.
Imaging Proportional Chamber
Recent work by Charpak,24 Anderson, 25, 26 Ku 27 and by Sauli28 has resulted in the development of a multiwire proportional chamber with a filling gas having a low enough ionization potential to detect UV emissions from a xenon gas scintillator. This approach works quite well for imaging X-rays because the xenon gas has high detection efficiency and produces UV photons of 8 eV, which the imaging proportional chamber can easily detect. The primary disadvantage for the detection of 511 keV annihilation photons is that it can only be used with scintillators that produce photons of energy 5.3 eV or greater.
One application for the imaging proportional chamber may be in the identification of scintillating BaF2 crystals which are viewed by a large, high speed phototube with a UV transmitting window. This would improve the spatial resolution of BaF2 time-of-flight systems.
It would be desirable to find a scintillator with a detection efficiency similar to BGO that produces UV light suitable for detection by these multiwire proportional chambers.
Conclusions
The use of conventional cylindrical phototubes with special packing schemes and lightpipes does not provide efficient optical coupling, especially for small crystals.
By coupling groups of crystals to larger phototubes for coincidence timing and to individual solidstate photosensors for identification of the scintillating crystal, more efficient couplinq and better timing and pulse height resolutions can be realized. However, maximum rates will be limited by the inability of this approach to handle two detections in a crystal group within a short period of time. Both the silicon avalanche photodiode and the HgI2 photosensor have sufficient signal-to-noise ratio to reliably identify scintillating crystals and even reject multiple-crystal interactions. The 
